OBJECTIVE -There is strong evidence that low birth weight is associated with glucose intolerance and diabetes in adults. We have carried out a twin study to distinguish among maternal influences, which affect both twins; fetoplacental influences, which are unique to each twin; and the genetic factors that may underlie this association.
T
here is strong evidence that low birth weight is associated with insulin resistance, impaired glucose tolerance, and type 2 diabetes in adult life (1) . Because the nutrients and oxygen that a fetus receives are major determinants of its growth rate and eventual size at term, these observations have led to the hypothesis that diabetes may result from fetal undernutrition arising from an imbalance between the supply of nutrients to the fetus and its nutrient requirements (2) . It is suggested that this imbalance results in metabolic and endocrine adaptations that benefit the fetus in the short term but are detrimental in the longer term. Relatively little, however, is known about the processes that lead to fetal nutrient imbalance. The availability of nutrients to the fetus is determined by both maternal factors such as the mother's nutritional status, which include her nutritional reserves and dietary intake, and the fetoplacental factors that govern the nutrient transfer to the fetus. Recently, a number of studies have suggested that a low maternal weight or BMI is linked with insulin resistance and hyperglycemia in the offspring (3) (4) (5) . However, factors originating in the fetus, such as a genetic predisposition to both low birth weight and glucose intolerance (6) , or local intrauterine influences, such as uteroplacental blood flow and the size of the placenta and its transfer capabilities, could also explain the associations (7) .
Studies of twins may shed light on the relative contribution of these processes. Twins share the same maternal environment; therefore, the influence of maternal factors such as nutrition will be shared by both fetuses. However, each fetus has its own fetoplacental environment, which may differ substantially from that of its cotwin. This occurs because of unequal partitioning of nutrients or placental blood supply between twins and may lead to large differences in birth weight between the twins. Moreover, because of the genetic identity of monozygotic (MZ) twins, associations between within-pair differences in birth size in MZ pairs and adult outcomes must be due to environmental differences, including fetoplacental influences, and specifically exclude the influence of genetic factors. Few studies, however, have examined the long-term effects of discordant twin growth on glucose tolerance in adult life. An analysis based on the Danish Twin Register identified 14 MZ twin pairs who were discordant for type 2 diabetes and showed that the diabetic twins had lower birth weight than the nondiabetic cotwins (8) . This suggests that the inverse association between birth weight and diabetes cannot be entirely accounted for by genetic factors. Moreover, this together with two other studies using the same approach applied to blood pressure suggests that causes of variation in fetal growth between twin pairs are sufficient to exert programming effects and draws attention to the importance of the fetal supply line (9, 10) . However, more recent studies have not confirmed these initial findings (11) (12) (13) .
We have studied a sample of twins from East Flanders Prospective Twin Survey, a population-based twin register in which obstetric and perinatal data on all twins was collected. Because of the unique data available, we have been able to examine the relative contribution of maternal factors and the influence of the fetoplacental unit, as indicated by twin differences in size at birth to plasma glucose and insulin concentrations.
RESEARCH DESIGN AND METHODS

Subjects
The East Flanders Prospective Twin Survey includes details of all twins born in the Belgian Province of East Flanders since 1964. Birth weight and duration of gestation (calculated from the date of the last menstrual period) were abstracted from the obstetrical records, and placental examination was carried out within 24 h after delivery. Zygosity was determined through sequential analysis based on sex, fetal membranes, umbilical cord blood groups, placental alkaline phosphatase, and DNA fingerprints (14) . Between July 1964 and May 1982, the East Flanders Prospective Twin Survey had registered 1,685 twin pairs with birth weight Ն500 g or gestational age Ն22 weeks, where both twins were alive and residents of the East Flanders area. We randomly contacted 803 pairs. Of these, 423 pairs (52.7%) agreed to participate, of which 179 pairs were both men (119 MZ and 60 dizygotic [DZ]), 187 were both women (131 MZ and 56 DZ), and 57 were of opposite sex. Of 46 pairs (11 MZ and 32 DZ), only one member participated. Perinatal characteristics of the participants are representative for the East Flanders twin population. The twins gave informed consent, and the project was approved by the Committee of Medical Ethics.
Methods
Between February 1997 and April 2000, the twins attended a 2-h examination, which took place in the morning after an overnight fast. Standing height (cm) was measured to the nearest 0.1 cm with a Harpenden fixed stadiometer and body weight (kg) on a SECA balance scale to the nearest 0.1 kg. BMI, as a measure of overall body composition, was calculated as body weight divided by the square of height (kg/m 2 ). Blood samples were taken to measure glucose, insulin, and proinsulin concentrations. Plasma glucose was analyzed by using the hexokinase method (Olympus AU600), plasma insulin by using microparticle enzyme immunoassay (Abbott Axsym), and intact proinsulin by an ELISA (Mercodia, Uppsala, Sweden). Homeostasis model assessment was used to assess insulin resistance and ␤-cell function, based on fasting insulin and glucose levels as described by Matthews et al. (15) . None of the subjects reported abnormal kidney or liver function. The mothers of the twins were contacted and given a questionnaire at the time the twins were invited to our research center, inquiring about weight before pregnancy, weight gain during pregnancy, and current height. Maternal BMI (kg/m 2 ) was calculated as weight (before and at the end of pregnancy) divided by the square of current height. Of the 423 mothers, 13 were deceased and 78 did not recall their weights.
Statistical analyses
Linear regression was used to estimate the association between within-pair differences in birth size and within-pair differences in adult glucose or insulin concentrations. These analyses were performed using SAS version 6.12. In the analysis of maternal effects, twins were analyzed as individuals using multilevel regression analysis to model the paired structure of the data (MlwiN 1.10.0006). Because the fasting concentrations of glucose, proinsulin, and insulin and the indexes of insulin resistance and ␤-cell function had skewed distributions, they were log transformed to normality before analysis. We adjusted for the twins' sex, adult BMI, and age. All tests were two sided, and P values Ͻ0.05 were considered significant.
RESULTS -The characteristics of the twins according to sex and zygosity are shown in Table 1 . Although there were no differences in the mothers' age, height, or weight between MZ and DZ twins, MZ twins weighed significantly less at birth than DZ twins among both men (P ϭ 0.003) and women (P ϭ 0.025) and had a shorter gestation (P ϭ 0.02). The twins' adult age, height, weight, BMI, fasting concentrations of insulin and proinsulin, and insulin resistance were similar. Fasting glucose concentration was higher and ␤-cell function lower in MZ men. Four twins (two MZ and two DZ) had impaired fasting glycemia (fasting glucose concentration Ն6.1 and Ͻ7.0 mmol/l).
Within-pair analysis: influence of the fetoplacental unit The mean within-pair birth weight difference was 259 g (SD 214) in MZ twins and 314 g (SD 260) in DZ twins. Means as well as variances were significantly different between MZ and DZ twins (P ϭ 0.02 and P ϭ 0.005, respectively). Table 2 shows the results of an analysis relating within-pair differences in adult glucose and insulin levels for every 100-g difference in birth weight. Among MZ twins, the within-pair birth weight difference was unrelated to within-pair differences in fasting glucose, proinsulin, and insulin concentrations as well as insulin resistance and ␤-cell function. Similar results were obtained in DZ twins, although there was evidence that fasting insulin concentrations (P ϭ 0.04) were somewhat higher in the smaller twin at birth and ␤-cell function was increased in the smaller twin at birth when all pairs were combined. These results were similar for men and women and were not affected by adjustment for any maternal characteristic (weight or BMI before pregnancy, weight gain during pregnancy, and maternal age).
Between-individual analysis: influences of maternal environment
In a combined analysis of all 800 individual subjects, there were no statistically significant associations between birth weight and fasting glucose, proinsulin, insulin, concentrations, and insulin resistance, even after adjustment for gestational age, sex, adult BMI, and age (Table  3) , with the exception of ␤-cell function, which fell with increasing birth weight Programming of insulin resistance in twins (P ϭ 0.04). Similar results were obtained in separate analyses of MZ and DZ twins.
However, low maternal BMI before pregnancy was significantly associated with raised fasting insulin and proinsulin concentrations and increased insulin resistance and ␤-cell function. In analyses stratified by sex, the associations between maternal BMI and the offspring's fasting insulin and insulin resistance were significant in women (P ϭ 0.003 and P ϭ 0.005, respectively) but not in men (P ϭ 0.8 and P ϭ 1.0, respectively). The interaction between sex and maternal BMI was tested in a regression model with insulin as the dependent variable and maternal BMI, sex, adult BMI, and the interaction term (sex ϫ maternal BMI). The interaction term was significant at P ϭ 0.02. Similar results were obtained with insulin resistance (P ϭ 0.03).
Older maternal age was also related to higher fasting insulin concentrations, insulin resistance, and increased ␤-cell function in the offspring. Fasting insulin increased by 1.3% (95% CI 0.1-2.6%) per unit (kg/m 2 ) fall in maternal BMI and by 1.1% (0.02-2.0%) per year increase in maternal age. The effect of maternal age was similar in both sexes.
The effects of maternal BMI and age were independent from each other. Table   4 shows that at any level of maternal BMI, older maternal age was associated with increased fasting insulin concentrations, while among both younger and older mothers, the twins' insulin concentrations fell as their mothers' BMI increased. Mothers who were older and thinner had twin offspring with the highest insulin levels. Similar effects were observed with the indexes of insulin resistance and hyperinsulinemia (␤-cell function). These effects were independent of other maternal characteristics (weight gain during pregnancy, gestational age, and birth order) (results not shown).
A multiple regression analyses was carried out with fasting insulin as the dependent variable and maternal BMI and age, current offspring's BMI and age, birth weight, and zygosity as independent variables. This showed that in addition to maternal BMI before pregnancy (P ϭ 0.04) and maternal age at delivery (P ϭ 0.01), current BMI (␤ ϭ 0.6% per kg/m 2 , P Ͻ 0.001) and age (0.2% per year, P Ͻ 0.001), but not birth weight (Ϫ0.08% per 100 g, P ϭ 0.09), gestational age (0.1% per week, P ϭ 0.31), or zygosity (P ϭ 0.63), were associated with fasting insulin concentrations in the twin offspring. Similar results were obtained for insulin resistance.
CONCLUSIONS -In this study, we found little evidence that low birth weight in twin pairs is associated with abnormal glucose-insulin metabolism in adult life. However, we report for the first time that maternal effects, specifically low maternal BMI and older age at delivery, are dominant in predicting insulin resistance in the twin offspring. These maternal effects were independent of the birth weights of the twins and were additive: the oldest mothers with the lowest BMI had the most insulin-resistant offspring. Our study is based on a substantial number of twin pairs who were identified through the East Flanders Prospective Twin Survey, which included accurate obstetric and perinatal data as well as zygosity determination. Although the mothers' weight and height were self-reported, other studies have shown that these recalled anthropometric measurements correlate closely with actual measurements (16, 17) . In this study, insulin resistance was based on a single fasting measurement of insulin and glucose. These correlate well with measurements of insulin resistance by the euglycemic clamp, but they are less precise. As a result, the data may underestimate the strength of relationships between maternal age or BMI and the offspring's insulin resistance (18) . Our twins were young, with a narrow range of fasting insulin and glucose concentrations, but as there is good evidence that hyperinsulinemia in young adults is predictive of glucose intolerance and diabetes in later life, it is likely that these maternal influences will be associated with these adverse health outcomes in later life (19) .
The adverse effect of low maternal BMI on insulin resistance in the offspring has never been described in twins, but it is consistent with findings in studies of singletons. Among middle-aged men and women in Scotland (3) and China (5), low maternal BMI in early pregnancy has been associated with raised fasting insulin concentrations in the offspring. In addition, the Dutch famine study showed that exposure to the famine in utero results in insulin resistance in adulthood, especially if the mothers had a low BMI in pregnancy (4). We found that the mother's prepregnancy BMI, but not her pregnancy weight gain, predicted insulin resistance in the offspring. We speculate that a low BMI indicates either a low lean body mass or low fat mass that would reduce the supply of amino acids or fatty acids to the fetus, resulting in fetal undernutrition (20) .
Our data suggest that the association between maternal BMI and insulin resistance in the offspring was observed in women but not men. While the explanation for this is not clear, there are known to be marked sex influences in the early programming of insulin resistance and related conditions in both animal studies and human populations. These may arise because of sex differences in fetal growth patterns and permeability of the fetoplacental unit to programming mediators such as steroid hormones (21) . They may also arise because of sex differences in the way that sex steroids and insulin interact in their actions on tissues in adult life (22) .
Also, older maternal age was associated with indices of insulin resistance in the twins. While little is known about the influence of maternal age on pregnancy outcome in twins, older maternal age is known to be associated with a modest increase in fetal growth retardation and an increased incidence of both antenatal and intrapartum complications in singletons (23) . We speculate that twinning challenges the maternal capacity to supply nutrients, especially during the last trimester of pregnancy when intrauterine twin growth rates fall markedly below those of singletons (24) , and this effect is amplified by advancing age (25) .
We hypothesized that within-pair differences in birth weight would correlate with within-pair differences in adult outcomes. In the case of MZ twins, this would provide a test of the importance of environmental versus genetic factors in explaining the link between birth size and glucose tolerance. Although there were substantial within-pair differences in birth weight in MZ twins, these differences did not correlate with within-pair differences in adult glucose-insulin metabolism. Similar findings have been reported in a study based in Birmingham (U.K.) (12) . Our data contrast with the substantial evidence from singleton studies that low birth weight is associated with insulin resistance and glucose intolerance later in life (26 -28) . There are a number of possible explanations. First, it is unlikely that the factors that limit fetal growth in singletons are the same as those operating in twins; for example, there is evidence that maternal factors constraining the size of the fetus act disproportionately in twins compared with singletons (29) . Second, our assessment of insulin resistance was based on fasting insulin and glucose measurements rather than on the response to a glucose tolerance test. Although these measurements are interrelated and have shown association with low birth weight (26, 30) , assessing post-glucose tolerance test insulin and glucose concentrations may have been a more sensitive test of disordered carbohydrate metabolism (18) . Furthermore, our twins were younger than subjects of previous studies. It may be that the effect of prenatal programming amplifies throughout life.
Our findings suggest that within the limitations of the available data on fetal growth in this study and its interpretation, fetoplacental factors appear to be less important than maternal factors in predicting glucose-insulin metabolism in the offspring.
